Dietary deficiencies of specific nutrients are consistently associated with profound impairment of cell-mediated immunity in both humans and experimental animals (1, 13) . Malfunctions of T lymphocytes in nutrient-deprived subjects include the inability to mount a delayed hypersensitivity skin test and failure to proliferate in vitro when stimulated with mitogens or antigens (16) . Recently, nutrient deprivation has been associated with alterations in the levels of lymphokines and monokines, including interleukin-1 and interleukin-2 (IL-2), which are produced by the cells of malnourished subjects (12, 24) .
IL-2 is a lymphocytotropic hormone that is produced by helper-inducer T lymphocytes and that plays a central role in the generation and regulation of the immune response. Antigen-or mitogen-induced T-cell proliferation requires the participation of IL-2 to drive activated T lymphocytes into cell division by means of IL-2 receptor-mediated binding (26) . Current understanding of the mechanisms of resistance to tuberculosis and other mycobacterial infections attributes a crucial role to IL-2 (7) . Deficiencies in the synthesis of and/or response to IL-2 have been implicated in the impaired cell-mediated immune reactions observed in some animals with mycobacterial infections. Under certain experimental conditions, mice infected with Mycobacterium bovis BCG exhibit reduced tuberculin (purified protein derivative [PPD] ) hypersensitivity and depressed PPD-induced lymphoproliferation associated with a reduction in IL-2 production in vitro by stimulated cells (3, 4, 30) . Mice infected with Mycobacterium lepraemurium were found to have a similar IL-2 defect when their splenocytes were cultured with a T-cell mitogen, concanavalin A (ConA) (10, 11) . In patients with leprosy or tuberculosis, impaired cellular responses to * Corresponding author. mycobacterial antigens in vitro have been accompanied by significant decreases in IL-2 production and defective IL-2 receptor expression (9, 22, 25, 28) . In some of these studies, the addition of exogenous IL-2 to lymphocyte cultures reversed the T-cell unresponsiveness (3, 9, 25) , while other investigators reported no beneficial influence of added IL-2 in vitro (11, 22, 28) .
In earlier studies with a guinea pig model of respiratory tuberculosis, we have demonstrated that chronic, moderate protein deficiency severely impairs PPD-induced T-lymphocyte functions in vivo and in vitro (18, 20) and profoundly compromises the ability of the BCG vaccine to protect animals against pulmonary infection with virulent Mycobacterium tuberculosis (2, 17) . These diet-induced defects were rapidly reversed following transfer to an adequate diet, suggesting that malnourished guinea pigs fail to expand clones of antigen-sensitized T lymphocytes (19) . Recently, we documented increased levels of T cells bearing receptors for the Fc portion of immunoglobulin G (Ty) in the peripheral blood of protein-deprived guinea pigs (D. N. McMurray, R. A. Bartow, and C. L.Mintzer, submitted for publication).
These Ty cells have been assigned a suppressor role in some patients with tuberculosis (14) .
In this study, we tested the hypothesis that vaccination with BCG augments cellular immunity and antimycobacterial resistance by stimulating enhanced IL-2 activity, while protein malnutrition depresses T-cell immunity and disease resistance in animals with experimental tuberculosis by impairing the synthesis of and/or response to IL-2 by lymphocytes in vitro.
(Data from this study were Lymphocyte blastogenesis. Antigen-induced lymphoproliferation was assessed in vitro by an established procedure (2) . The bronchotracheal lymph nodes and the other half of the spleen were removed aseptically, and a single-cell suspension was prepared by gently homogenizing each tissue in a separate sterile homogenizer (Ten Broeck) in tissue culture medium (RPMI 1640). Lymphocytes from peripheral blood were separated by density gradient centrifugation on lymphocyte separation medium (Organon Teknika Corp., Dur- ham, N.C.). Lymphocytes at the interface were removed and washed three times in phosphate-buffered saline with 2% fetal bovine serum. The viability of spleen, lymph node, and blood lymphocytes was determined by trypan blue exclusion and counting in a hemacytometer. After the viability was determined, the cells were suspended in RPMI 1640 medium (Irvine Scientific, Santa Ana, Calif.) containing 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 ,ug/ ml), 2-mercaptoethanol (10 ,uM), and L-glutamine (2 ,uM) BCG vaccine-induced resistance was expressed as a significant reduction in the number of viable mycobacteria recovered from the right lower lung lobes and the spleens of control guinea pigs (Table 1) . Well-nourished, vaccinated animals harbored 10-to 60-fold fewer M. tuberculosis isolates than did nonvaccinated animals that consumed the same (control) diet. In contrast, previous vaccination with BCG did not confer protection on protein-deprived (LP diet) guinea pigs, and there was no significant difference in the level of infection between vaccinated and nonvaccinated animals maintained on the LP diet. However, protein deficiency did not exacerbate the infection beyond that observed in the nonvaccinated controls.
Production of functional IL-2 in vitro. Table 2 documents the significant effect exerted by both protein deficiency and BCG vaccination on the amount of functional IL-2 released into the supernatant of cirulating and splenic lymphocytes stimulated in vitro with either a polyclonal activator (ConA) or a specific antigen (PPD). The cells were taken from guinea pigs 4 weeks postchallenge with virulent M. tuberculosis by the respiratory route. Peripheral blood lymphocytes from malnourished animals, regardless of vaccination status, produced essentially no detectable IL-2 when stimulated with PPD, while splenocytes from the same animals were equally unable to make IL-2 in response to ConA. BCG vaccination of well-nourished animals, on the other hand, resulted in a dramatic enhancement in IL-2 production by both lymphocyte populations. Splenocytes from vaccinated guinea pigs maintained on the control diet produced nearly 10-fold more IL-2 in response to PPD or ConA than did splenocytes from their nonvaccinated counterparts. Peripheral blood lymphocytes from BCG-vaccinated animals also produced more IL-2 in response to both stimuli in vitro, but the increase was statistically significant only for ConA.
Effect of exogenous rIL-2 on proliferation in vitro. Figure 1 illustrates the impact of protein deficiency on the prolifera- tive responses of blood and lymph node lymphocytes from nonvaccinated guinea pigs that were challenged 4 weeks earlier with virulent M. tuberculosis. The lymphocytes were cultured with PPD alone or with PPD and either 40 or 80 U of exogenous rIL-2 per ml. Background uptake of tritiated thymidine in unstimulated cultures was unaffected by diet or the addition of rIL-2. The overall response of blood lymphocytes was 8 to 10 times greater than that of lymph node cells (note the scale differences on the vertical axis in Fig. 1 ). The addition of exogenous rIL-2 did not result in a significant alteration of antigen-induced proliferation in either cell population from guinea pigs in either diet treatment group, although lymph node cells from animals in both diet groups responded in a dose-dependent fashion to exogenous rIL-2 by increasing their proliferation in the presence of PPD.
A similar study performed on lymphocytes taken from BCG-vaccinated guinea pigs revealed the data presented in Fig. 2 . Differences because of diet were more dramatic than those seen in cells from nonvaccinated animals. Protein deficiency profoundly suppressed the PPD-induced proliferation of both lymph node and blood lymphocytes compared with that of similar cells taken from control guinea pigs. As was observed in nonvaccinated animals ( Fig. 1) , peripheral blood lymphocytes from protein-deprived guinea pigs responded less effectively when rIL-2 was added to the cultures. However, none of the changes observed with added rIL-2 were statistically significant.
DISCUSSION
We demonstrated a defect in mitogen-and antigen (PPD)-stimulated IL-2 production by lymphocytes from chronically protein-malnourished guinea pigs following respiratory challenge with virulent M. tuberculosis. Peripheral blood and splenic lymphocytes from protein-deprived animals produced essentially undetectable levels of functional IL-2 (Table 2 ). This defect was accompanied by a profound impairment in the proliferative response of lymphocytes to PPD (Fig. 2) . The addition of exogenous rIL-2 to such cultures did not reconstitute significantly the antigen-driven response of lymphocytes from protein-deficient guinea pigs, although the lymph node cells from nonvaccinated animals on LP and control diets responded in a dose-dependent fashion (Fig. 1) . The observed lack of proliferation in cultures of lymphocytes from animals on the LP diet makes it highly unlikely that the absence of IL-2 in such supernatants was the result of the increased utilization of IL-2. The failure to respond to exogenous rIL-2 may indicate that these cells were also deficient in their expression of IL-2 receptors or that their proliferation was being actively suppressed in vitro (29) .
In the only previously published report of protein deficiency and IL-2 activity (24), chronically deprived mice demonstrated no apparent defect in IL-2 production by ConA-stimulated splenic lymphocytes. However, IL-2-driven alloreactive cytotoxicity was significantly reduced in such cultures, leading the investigators to postulate an IL-2 target cell defect (24) . The major difference between that study and the present one, aside from the animal species used, was the presence of active tuberculosis in our guinea pigs. Future studies of the dietary effect alone in our model should clarify this issue. In another diet study, the addition of vitamin A to the diets of BCG-infected mice reversed the IL-2 deficit observed in the response to PPD in vivo and in vitro (4).
Our results are entirely consistent with a defect in IL-2 production reported in several studies involving infection with various mycobacteria in both mice and humans. Under certain experimental or clinical conditions, such infections may produce the same kinds of immunologic impairment that we observed in our malnourished guinea pigs. Thus, infection of mice with high doses of M. bovis BCG (4, 30) or M. lepraemurium (10, 11) was found to impair significantly the ability of splenocytes to make IL-2 in response to mitogenic or antigenic stimuli. Patients with either leprosy or active tuberculosis, whose peripheral blood lymphocytes were hyporesponsive to mycobacterial antigens in vitro, were found to exhibit an IL-2 production defect (9, 28) . Evidence of reduced IL-2 receptor expression was also presented (22, 28) .
Attempts to reconstitute the in vitro proliferative response by adding exogenous IL-2 have met with mixed results. In three studies, (3, 9, 25) , the addition of IL-2 to the cultures reversed the cellular unresponsiveness, while three other groups of investigators (11, 22, 28) reported no significant improvement on supplementation with IL-2. In the only study in which rIL-2 was used, the reversal of in vitro cellular immune defects was observed in cells from patients with tuberculosis (25) . Reconstitution of T-cell-mediated immunity was reported following the administration of an IL-2-containing supernatant in vivo to hyporesponsive mice infected with large doses of BCG (3). It is unlikely that our failure to demonstrate significant enhancement of PPDinduced proliferation of lymphocytes from guinea pigs on the LP diet was due to inadequate IL-2 concentrations since the doses used (40 and 80 U/ml) were two-to fourfold greater than those previously reported to be effective in humans (25) and were well above the levels produced by stimulated normal guinea pig lymphocytes in vitro.
Consistent with our previous observations in this model (2, 17, 18) , protein-malnourished guinea pigs exhibited defective tuberculin hypersensitivity and failure to respond to BCG vaccination (Table 1) . Differences in bacterial loads 4 to 5 weeks postchallenge correlated highly with the ultimate outcome of tuberculosis in this model (31) . Animals that received LP diets harbored no more mycobacteria than their nonvaccinated, well-nourished counterparts did, suggesting that the anamnestic response to mycobacterial antigens is more sensitive to nutritional insult than is the primary response (2, 19) .
Given the crucial role of IL-2 in driving antigen-stimulated lymphocytes from the G1 to S phases of the cell cycle (26) , it is tempting to speculate that the relative hyporesponsiveness of PPD-stimulated cells from protein-deprived animals is directly related to the reduced synthesis of IL-2 in such cultures. Direct suppression of IL-2 production in stimulated cultures of lymphocytes from BCG-infected mice has been observed (4, 29). The addition of exogenous IL-2 has been reported not to reverse the suppression, although data were not shown (29) . Successful BCG vaccination of well-nourished guinea pigs, as evidenced by significant (10-to 60-fold) reductions in the number of viable mycobacteria, was accompanied by dramatic increases in the amount of IL-2 produced in vitro (Table 2 ). This increase in IL-2 production was not due to an increase in PPD-induced lymphoproliferation, since the main effect of the vaccine for that dependent variable was not statistically significant (compare the control responses in Fig. 1 and 2) . Thus, we conclude that BCG vaccination primed the lymphocytes to produce IL-2 in response to antigen in vitro (and, presumably, in vivo) in a way that was different from the priming provided by virulent pulmonary infection alone. Increased IL-2 production may contribute to the success with which BCG-vaccinated guinea pigs control their tuberculous infection, as has been reported in BCGinfected mice (4). On the other hand, no correlation was found between innate resistance to M. lepraemurium infection and the ability of splenocytes from various inbred mouse strains to make IL-2 (10).
Our observations support the hypothesis that BCG vaccination stimulates and that chronic protein deficiency suppresses T-lymphocyte functions in animals with tuberculosis by stimulating or suppressing, respectively, IL-2 synthesis by PPD-reactive lymphocytes. The IL-2 defect in proteinmalnourished guinea pigs was not responsive to the addition of exogenous rIL-2, suggesting that protein deprivation may also alter IL-2 receptor expression or function or may induce active suppression in animals with tuberculosis of the type seen in other mycobacterial infections (4, 29) .
